Amorphous α,ω-hidroxylpoly(ε-caprolactone) (PCL (530) aggregates. In addition, the Mn 2+ ions bonded to all the "free" C=O groups of the urethane cross-links and to some of the "free" ester groups of the amorphous PCL (530) chains. In the electrolytes, the ClO 4 − ions were found "free" and bonded to the Mn 
Introduction
Polymer electrolytes (PEs) have attracted much interest to the scientific community because of their technological application in the domain of solid state electrochemistry, in particular for the fabrication of advanced batteries, sensors, photoelectrochemical, and electrochromic devices (ECDs) [1] [2] [3] . Actual research on solid-state electrochemistry seeks a compromise between "green" technologies, low cost, and highly efficient materials.
In the framework of the investigation of new "green" materials with improved properties and potential application as electrolytes in ECDs, several ormolyte (organically modified silicate electrolyte) systems composed of a sol-gel derived [4] poly(ε-caprolactone) (PCL(530), where 530 represents the average molecular weight in g mol −1 )-based di-urethanesil hybrid network (abbreviated as d-PCL(530)/siloxane) ( Fig. 1 ) have been tested in the last few years. Doping of this organic-inorganic hybrid matrix with lithium [5] [6] [7] [8] , potassium [9] , magnesium [10] , europium [8] , and erbium [6] salts, europium complexes [11] and ionic liquids [5] resulted in materials with attractive features, in particular high ionic conductivity and in the case of the lanthanidecontaining systems also high luminescence, and foreseen applications in eco-friendly
ECDs. Prior to these works, applications of PCL and PCL-based hybrids had been proposed almost exclusively for the biomedical field, as biodegradable suture, artificial skin, resorbable prostheses, containers for sustained drug delivery, or bioactive coatings [12] [13] [14] [15] [16] [17] [18] [19] [20] . In fact PCL is a linear biopolymer that possesses interesting features, such as biocompatibility, permeability, hydrophobicity, biodegradability, non-toxicity for living organisms, and the ability of being resorbed after a certain period of implantation time.
In the present work, the d-PCL(530)/siloxane biohybrid was doped with manganese perchlorate (Mn(ClO 4 ) 2 ). The incorporation of Mn 2+ ions has a two-fold interest, endowing the resulting hybrids with ionic conductivity and specially paramagnetic properties.
Indeed Mn 2+ is a transition metal ion that has been extensively used as paramagnetic probe and as activator in various luminescent materials [21, 22] . Mn 2+ -doped phosphors can be effectively excited by many sources, such as ultraviolet (UV), X-ray, and electric field [23] [24] [25] [26] to yield emissions in the green, orange and red regions of the visible spectrum [21, 27, 28] . These emission properties motivated the wide use of Mn 2+ -based materials as phosphors for lamps and displays [25, 27, 29, 30] . Recently, Wang et al.
[ 31] proposed the use of carbon-coated manganese silicate to act as anode material for lithium storage, exhibiting outstanding rate performances and high-rate cycling stability, and meeting the requirement for fast charging/discharging Li + batteries.
In this study, the structure, morphology, thermal features, ionic conductivity, and paramagnetic properties of the Mn(ClO 4 ) 2 -doped d-PCL(530)/siloxane biohybrids are reported. The elucidation of the paramagnetic features has been performed by means of electron paramagnetic resonance spectroscopy (EPR), which is an effective and highly sensitive technique for the characterization of local order in a variety of solid-state systems [32] [33] [34] . EPR can provide valuable information about the oxidation state, ground state, and spin state of the paramagnetic ion. It enables the determination of the local symmetry of the ion environment, the nature of relevant spin interactions (e.g., Zeeman interaction, fine structure splitting, hyperfine coupling and exchange interaction) and the extent of covalency of the metal-ligand bond. EPR studies using Mn 2+ ion as a probe have been very useful in the understanding of both the local coordination symmetry and magnetic properties of Mn 2+ ions incorporated in a variety of materials, such as glasses [35] [36] [37] , zeolites [38] [39] [40] and polymers [41] .
We believe that the present investigation represents an important contribution towards the understanding of the interactions between the d-PCL(530)/siloxane systems and metal ions. 
Experimental

Materials
Synthesis
The Mn(ClO 4 ) 2 -doped d-PCL(530)/siloxane-based biohybrids were prepared based on the procedure described in detail elsewhere [7] . The first stage of the synthesis involved the formation of a urethane cross-link between the hydroxyl (-OH) end groups of the PCL(530) (0. cupboard for 24 h. Xerogel films were produced after aging for 1 month in an oven at 50 ºC followed by drying under vacuum at 90 ºC for 3 days prior to being analyzed.
The biohybrids prepared were produced as yellowish flexible xerogel films ( Samples with n = 100, 50 and 20 were prepared (Table 1) . Polarized optical microscopy (POM) images were recorded using an OPTIKA B-600POL microscope equipped with a 8 Mpixel digital Photo Camera. The images were analyzed using the OPTIKA Vision Pro software. X-band continuous-wave electron paramagnetic resonance (CW-EPR) spectra were recorded at 50 K on a Bruker Elexsys E580 spectrometer operating at 9.478 GHz, equipped with a continuous flow liquid helium Oxford cryogenic system. Solid state powder EPR spectra were simulated by the function "pepper" of the software package EasySpin [43] implemented in MATLAB (MathWorks, Inc.).
Results and Discussion
Thermal characterization
The DSC thermograms of the d-PCL(530)/siloxane 20 Mn(ClO 4 ) 2 biohybrids ( Fig. 3) confirm the entirely amorphous character of the doped samples indicating that the addition of the salt did not alter the disordered nature of the host hybrid matrix [7] . Fig. S1 ). Between 500 and 900 ºC, a plateau was attained and no further thermal degradation occurred. At the maximum temperature analyzed about 20 % of the xerogels with n = 100, 50 and 20 still remained to be decomposed. In summary, the progressive incorporation of Mn(ClO 4 ) 2 into d-PCL(530)/siloxane had a gradual negative impact on the thermal stability of the host framework. However, the thermal decomposition onset value is considered adequate for solid-state electrochemical devices.
XRD and POM analyses
The XRD patterns of d-PCL(530)/siloxane n Mn(ClO 4 ) 2 biohybrids display a broad peak, Gaussian in shape and centered at ca. 21º (Fig. 5a ). This peak, which is associated with ordering of the siliceous domains [47] reveals that the incorporation of the manganese salt did not affect the amorphous character of the non-doped d-PCL(530)/siloxane matrix [7, 9] . The POM images of the biohybrids (Fig. 5b) demonstrate the isotropic character of the samples, corroborating the XRD and DSC.
Ionic conductivity
Ac Impedance spectroscopy was employed to evaluate the electrochemical properties of the biohybrids. The results are presented through Nyquist plots (imaginary impedance Z'' versus real impedance Z') ( Fig. 6 ) and a plot of the temperature dependence of the ionic conductivity (Fig. 7) .
The ionic conductivity was measured during the heating cycles and determined by Eq.
1,
where d is the thickness, A is the electrochemical active area and R b is the bulk resistance obtained from the intercept of the imaginary impedance (minimum value of Z'') with the slanted line in the real impedance (Z') through the Randles circuit [48] .
The Nyquist plots of Fig. 6 illustrate the mobility of ions due to charge transfer and diffusion processes. Typically, the Nyquist plot is described by three distinct parts: a semicircle located at the high-frequency range that corresponds to the charge transfer process, a straight line for lower frequencies that is related to the diffusion process, and the transition between these phenomena [2, 3] . In the three cases reproduced in Fig. 6 the semi-circle at higher frequencies indicates that the salt facilitates the charge transfer process due to the increase of ionic conductivity with respect to the non-doped matrix [10] . The decrease of the semi-circles diameter also suggests that the ion diffusion ability is improved with salt content. Accordingly, the analysis of The temperature dependence of the ionic conductivity of the hybrid samples, displayed in Fig. 7 , appears to follows the vehicular model, i.e., Vogel-Tammann-Fulcher (VTF) type profile in the measured temperature range.
As the temperature increases, the polymer segments has acquired sufficient energy to push against the hydrostatic pressure imposed by its neighboring ions and thus polymer can expand easily to produce free volume. The free volume around the polymer chains determines the resulting conductivity, represented by the overall mobility of ions and the polymer. Therefore, as temperature increases, ions or polymer segments can move into the free volume [49] . The ionic conductivity values exhibited by the ormolytes prepared in this work indicate that they are suitable for application on photoelectrochemical and electrochromic devices [50, 51] . The levels of ionic conductivity are also of the same order of magnitude as those reported for analogous hybrids doped with potassium [9] and magnesium [10] 
FT-IR analysis
In the d-PCL(530)/siloxane hybrid medium the Mn 2+ ions may coordinate to the available functional groups provided by the host hybrid framework (the ether -C-O-Coxygen atoms and the ester C=O oxygen atoms of the PCL chains, and the urethane C=O oxygen atoms of the cross-links) or naturally to the counter-ions (i.e., the perchlorate ions) [54] . Given the minor amount of ether groups per PCL repeat unit, it is clear that the C=O oxygen atoms will essentially the main responsible for Mn one of the most extensively employed ions probes in spectroscopic analyses aiming at elucidating ionic association [58] . As this ion has vibration modes that suffer characteristic changes (e.g., frequency shifts, splitting and/or intensity variations) upon coordination, it allows distinguishing the three main types of ionic species usually present in salt/polymer electrolytes: (a) high mobility "free" or weakly bonded ions; (b) low-mobility cations bonded strongly to the host polymer; (c) low-moderate mobility ionic aggregates (contact ion pairs and ionic multiplets).
The "free" ClO 4 − ion (tetrahedral symmetry (T d )) has nine vibrational degrees of freedom distributed between four normal Raman active modes: ν1 (A1) (infrared inactive), ν2 (E2) (infrared inactive), ν3 (T2), and ν4 (T2). These modes are expected at 931, 458, 1100 and 624 cm −1 , respectively [59, 60] . Cation coordination lowers the As a consequence, the 3-fold degenerate ν3 and ν4 vibrations split into two components (A1 and E), both in the infrared and Raman spectra. Bidentate coordination of the oxygen atoms of ClO 4 − to a cation lowers the T d symmetry to C 2v . The splitting of the 2-fold degenerate ν2 vibration into two bands (A1 and A2) in the Raman spectrum and the splitting of the 3-fold degenerate ν3 and ν4 vibrations into three components (A1, B1, and B2) in the infrared and Raman spectra result.
In the present work we examined the ν4ClO 4 region of the FT-IR spectra of the d-PCL(530)/siloxane n Mn(ClO 4 ) 2 biohybrids samples ( Fig. 9(a) ). The results of the curvefitting performed (Fig. 9(b) and Table 2 ) reveal that in the three samples studied the The spectra of Fig. 10 are similar to those reported for disordered materials, such as glasses and polymers. The weak features between the spin-allowed hyperfine lines of the resonance signal were attributed to spin "forbidden" transitions (ΔMs = ± l, Δm I = ± l) [65] [66] [67] .
The EPR spectrum of the Mn 2+ ions in the d-PCL(530)/siloxane host can be qualitatively understood in terms of the spin-Hamiltonian for d 5 ions in axial symmetry [68] :
where β is the Bohr magneton, H is the applied magnetic field, S is the spin component along the symmetry axis z, A is the hyperfine coupling constant, and the other symbols have their usual meaning. The first term in the Hamiltonian represents the interaction of the S = 5/2 electron spin with the external magnetic field H, i.e., the electron Zeeman interaction. For simplicity, the isotropic g-value was considered. The second term is the zero-field splitting (ZFS) Hamiltonian and is characterized by the axial crystal field parameter D. The third term is the hyperfine interaction describing the interaction between the S = 5/2 electron spin with the I = 5/2 nuclear spin of the 55 Mn isotope.
The experimental Mn 2+ EPR spectra were analyzed by numerical simulation of the spin Hamiltonian (Eq. 2). Satisfactory fits to the experimental EPR spectra were obtained assuming two different MHz (204 -220 ×10 −4 cm −1 ) deduced from the simulated spectra (Table 3) Table 3 . The agreement between the observed and the calculated spectra are satisfactory, since the simulated spectra closely reproduce the position and the intensities of the most prominent features. Wavenumber (cm Experimental (thick line) and numerical simulation (thin lines) of the Mn 2+ EPR signal for n = 100: considering species II, species I and full simulated spectrum (I + II).
